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In situ electrochemical atomic force microscopy (ec-AFM) is utilised for the first time to probe the initial stages of metal-
organic framework (MOF) coating growth via anodic dissolution. Using the example of the Cu MOF HKUST-1, real time 
surface analysis is obtained that supports and verifies many of the reaction steps in a previously proposed mechanism for 
this type of coating growth. No evidence is observed however for the presence or formation of Cu2O, which has previously 
been suggested to be both key for the formation of the coating and a potential explanation for the anomalously high 
adhesion strength of coatings obtained via this methodology. Supporting in situ electrochemical Raman spectroscopy also 
fails to detect the presence of any significant amount of Cu2O before or during the coating’s growth process. 
Introduction 
Metal-organic frameworks (MOFs) are a group of nanoporous, 
crystalline materials that possess exceptionally high porosities 
and specific surface areas.
1
 Built up from metal ions, or metal-
containing inorganic clusters, bound to each other via 
multivalent, heteroatom containing organic molecules; MOFs 
have been investigated as candidate materials for a huge 
range of applications.
2-7
 MOFs are traditionally obtained as 
powders but for many of these potential applications it is 
desirable or even necessary to obtain the MOF as a coating. 
Whilst post-synthesis processing of MOF powders into 
coatings is possible it is often difficult,
8
 and as a result a wide 
range of techniques to grow MOF coatings directly onto 
substrates have been developed.
9-14
 Electrochemical 
techniques have proved popular
15, 16
 with the anodic 
dissolution technique, first demonstrated by Ameloot et al
17
 
further developed via a BASF patent
18
 for the mass production 
of MOFs via electrochemistry, utilised to produce the greatest 
variety of different MOFs as coatings. 
 Despite the prevalent use of this technique it is only 
recently that attempts have been made to gain a deeper 
mechanistic understanding of this process.
19, 20
 As the first 
MOF grown via the anodic dissolution method the Cu MOF 
HKUST-1, composed of Cu
2+
 cations and 1,3,5-
benzenetricarboxylic acid (BTC) ligands in a paddle wheel 
configuration (see Fig. 1), has been used for these studies.21 
 Campagnol et al
19
 proposed a detailed mechanism for 
almost the entire growth process consisting of four steps; 
“initial nucleation”, “island growth”, “intergrowth” and 
“detachment”. Each step of the proposed mechanism is well 
supported, if only through ex situ analysis. However, the 
mechanism by which “initial nucleation” of MOF crystals on 
the electrode occurs remains unclear as it was not observed 
directly in real time. Indeed, there is some debate as to 
whether “initial nucleation” of the MOF occurs on metal 
oxides formed at the surface of the anode during anodic 
dissolution rather than just the bare metal anode surface. 
Schafer et al
20
 identified that the presence and/or formation of 
Cu2O on the Cu anode surface was key to form a MOF HKUST-1 
coating in the absence of water. They were able to show that if 
the initial presence and subsequent growth of Cu2O was 
minimised then so was the MOF coating growth.
20
  They 
suggested that the Cu2O on the electrode surface undergoes a  
Fig. 1 Paddle wheel structure adopted by Cu2+ cations and BTC 
anions within the HKUST-1 framework. Copper is represented in blue, 
oxygen in red, carbon in black and hydrogen in white. 
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conversion to HKUST-1. Schafer et al
22
 also showed that in the 
presence of small quantities of water no surface Cu2O could be 
detected during anodic dissolution of a copper electrode to 
form HKUST-1. Similarly, Stassen et al
23
 proposed the 
involvement of zirconium oxide films in the anodic deposition 
of UiO-66.
24
 A detailed in situ study of the electrode/solution 
interface, prior to and during the initial stages of coating 
growth would help to further investigate the validity of these 
proposed mechanisms. 
 In situ atomic force microscopy (AFM) is a well-established 
technique for monitoring the nucleation and growth of 
MOFs;
25-27
 the growth of HKUST-1 has been studied in 
particular.
28
 However to the authors knowledge in situ 
electrochemical AFM (ec-AFM), where the substrate being 
analysed by AFM is the working electrode in the 
electrochemical set up, has not been applied to monitor the 
electrochemical nucleation and growth of MOFs. The 
technique has however been demonstrated to work for 
monitoring in real time the growth of other materials on 
electrode surfaces.
29
 Here we demonstrate for the first time 
the use of in situ ec-AFM to monitor the nucleation and 
growth of the MOF coating during the anodic dissolution 
method. The results support much of the mechanism 
proposed by Campagnol et al
19
 but cast doubt on the role of 
Cu2O as a key intermediate in the coating growth process, with 
supporting in situ electrochemical Raman spectrometry 
measurements also providing no evidence for the presence or 
formation of Cu2O during the growth process. 
Experimental 
Materials 
The following materials were used as received for the 
experiments described subsequently. BTC (95%) was obtained 
from Aldrich. Cu sheet (OHFC Alloy 101 0.81 mm thick) was 
obtained from Alfa Aesar. Ultra-pure water (18.2 MΩ cm 
resistivity) was obtained from a Milli-Q Millipore Direct 8 
purification unit. Ethanol (≥99.8%) and 
methyltributylammonium methyl sulphate (MTBAMS) (≥95%) 
were obtained from Sigma Aldrich.  
 
In situ electrochemical atomic force microscopy 
In situ ec-AFM of the electrode surface during the growth of a 
HKUST-1 coating was performed using a Multimode 8 Atomic 
Force Microscope (Bruker, USA), operating in PeakForce QNM 
mode with ScanAssyst activated. MPP-21100-10 Sb (n) doped 
Si cantilevers were used, with the tips mounted inside of an 
MMTMEC electrochemistry tapping fluid cell. A small, 
machined piece of Cu sheet was used as the working electrode 
(the electrode being imaged by the AFM) and Pt wire was 
utilised as the counter and pseudo-reference electrodes. The 
AFM was aligned and then the desired potential was chosen 
on the UNIVECPOT bipotentiostat, but no potential was yet 
applied. The electrolyte solution (48 mM BTC, 64 mM 
MTBAMS in 75:25 vol% ethanol:water) was then syringed into 
the fluid cell. The cell was then immediately set on, applying 
the set potential, and the cantilever was engaged with the 
surface to allow imaging to commence. 
 
In situ electrochemical Raman spectroscopy 
Confocal Raman spectroscopy of the anode surface was 
performed using a Renishaw inVia microscope during the 
growth of a HKUST-1 coating, as described below. Two Cu 
electrodes of equal geometrical area were immersed into the 
electrolyte solution (48 mM BTC, 64 mM MTBAMS in 75:25 
vol% ethanol:water) ~ 2 cm apart and connected as anode and 
cathode to a PGSTAT302N Potentiostat (Metrohm Autolab B. 
V., The Netherlands). A 633 nm (1.96 eV) laser excitation at a 
power of 10 mW was used with a 50 x objective and a grating 
of 600 l mm
-1
 to achieve a spectral resolution of ca. 2 cm
-1
. The 
laser was focussed onto the anode surface before the HKUST-1 
growth was commenced. Chronoamperometry was then 
performed by applying a fixed potential of 2.5 V between the 
anode and cathode and to monitor the HKUST-1 growth on the 
anode surface. 10 s accumulations were taken every 10 s, or 1 
s accumulations every 1 s, for up to 5 minutes. 
Results and discussion 
In situ electrochemical atomic force microscopy 
A range of potentials vs Pt were applied to the Cu substrate 
with the aim of identifying the least anodic potential that 
could cause the HKUST-1 coating growth to occur. Identifying 
this potential is desirable as the MOF formation process will be 
slowed, which will facilitate the AFM imaging of the nucleation 
and growth of the coating. Extensive testing identified -225 mV 
vs Pt as the least anodic applied potential that would still 
result in the growth of the HKUST-1 coating. Interestingly at 
even less anodic potentials whilst dissolution of the Cu 
substrate was still observed to occur, even after over an hour 
of imaging no HKUST-1 coating growth was seen. This supports 
the first step in the theory posited by Campagnol et al
19
  of 
“initial nucleation”. This states that a “critical concentration” 
of Cu
2+
 cations at the anode surface is required to initiate 
coating growth; thus explaining why they observed the mass of 
the anode to first decrease, due to dissolution of the Cu, 
before it began to increase again, due to formation of the 
HKUST-1 coating. The length of time that the anode loses mass 
for is inversely proportional to the applied potential, as the 
more anodic the applied potential the higher the rate of 
production of Cu
2+
 and the faster the “critical concentration” 
will be reached.
19
 However as the produced Cu
2+
 is also 
moving away from the anode surface, both via diffusion and 
migration in the electric field, if the rate of Cu
2+
 production is 
too low then it is possible that the “critical concentration” will 
never be reached. This argument would explain why at -225 
mV vs Pt HKUST-1 coating growth was observed to occur in our 
system whilst at the less anodic potential of -250 mV no 
coating growth was observed despite clear evidence of Cu 
dissolution as seen in Fig. 2. It should also be noted that as we 
CrystEngComm  ARTICLE 
This journal is © The Royal Society of Chemistry 2018 J. Name., 2013, 00, 1-3 | 3  
Please do not adjust margins 
Please do not adjust margins 
have here intentionally slowed the reaction down the time 
before HKUST-1 growth starts, during which only dissolution of 
the Cu surface is observed, is significantly longer than that 
observed by Campagnol et al.
19
  
 At -225 mV vs Pt the period during which only dissolution 
of the Cu surface was observed lasted for approximately 19 
minutes and was split in two stages as shown in Fig. 3. The first 
stage lasted approximately 12 minutes during which only very 
slow dissolution is observed (first five frames in Fig. 3). The 
second stage lasted a further 7 minutes during which the rate 
of Cu dissolution appears to increase (the next four frames in 
Fig. 3) to around 22 nm min
-1
, measured by observing a feature 
receding laterally on the Cu surface as seen in Fig. 4. During 
this time the solution begins to turn a light blue colour and 
starts to cloud due to crystal formation in solution but no 
HKUST-1 crystals are observed on the electrode surface. It is 
also worth noting that this fairly rapid rate of dissolution of the 
Cu electrode, prior to any surface nucleation of HKUST-1 being 
observed, is seemingly incompatible with Cu2O on the 
electrode surface playing a role in the formation of a HKUST-1 
coating as proposed by Schafer et al.
20
 Any Cu2O present on 
the electrode surface prior to the application of a potential, or 
any formed as a result of it, would most likely be lost from the 
surface with the dissolving Cu. The potential role of Cu2O is 
discussed further in the next section focussed on in situ 
electrochemical Raman spectroscopy. 
 In the image taken after 21 minutes the first crystal is 
observed to have nucleated at a defect on the rough electrode 
surface. This crystal is observed to grow in the subsequent 
images taken after 24, 26, 28 and 31 minutes (the next five 
frames in Fig. 3 and Fig. 5). At the same time many other 
crystals are also observed to nucleate near the original crystal. 
This observation of a sudden increase in the number of crystals 
nucleating in close proximity to an existing crystal supports the 
theory posited by Campagnol et al
19
 of “island growth”. Island 
growth is hypothesised to occur due to a local increase in 
current density around existing crystals on the Cu surface as 
compared to the bare electrode.
19
 This local increase in 
current density results in a greater local Cu
2+
 concentration in 
the electrode/solution interface close to existing crystals, 
leading to an increase in the rate of new crystal nucleation in 
close proximity to existing crystals on the surface. 
Fig. 2 Height AFM images taken during 64 minutes of the slow 
dissolution of a Cu electrode at an applied potential of -250 mV vs Pt. 
The red circle highlights one area of dissolution of the Cu anode. Each 
image is 10 x 10 µm. 
In the final 5 minutes of the experiment the quality of the 
images noticeably deteriorates due to the combination of the 
high scan speed necessary for an in situ experiment and the 
increasingly rapid rate of change of the surface morphology of 
the electrode (the last two frames in Fig. 3). The HKUST-1 
crystal whose growth was followed between 21 and 31 
minutes is observed to have detached and numerous other 
crystals appear to be nucleating and detaching at a rapid rate. 
Whilst the theory of Campagnol et al
19
 includes a final 
detachment stage, caused by the undercutting of the 
underlying Cu electrode to which the HKUST-1 is attached, this 
is not believed to occur until a much more extensive and inter-
grown HKUST-1 coating has been obtained and therefore 
cannot explain the behaviour observed here. We hypothesise 
that this behaviour is caused by the rapid movement of the 
cantilever agitating the solution in the proximity of the area of 
the electrode being imaged. This agitation will disrupt the 
normal growth process with the forces generated sufficient to 
dislodge HKUST-1 crystals in the early stages of growth from 
the electrode surface. The probability of a crystal being 
dislodged would increase, at least initially, with the crystal size 
due to the longer contact time between the AFM tip and the 
crystal as it begins to increase in size. 
 The experiment was stopped after 36 minutes as the 
solution clouding, due to HKUST-1 crystal growth in solution, 
mentioned earlier became so severe that it sufficiently 
disrupted the laser path back from the cantilever to the 
detector so as to make further imaging of the surface 
impossible. It is worth noting that even during the relatively 
short period, of intentionally slow growth observed during this 
experiment that significant pitting and erosion of the electrode 
surface is observed. It is possible that the reason fully grown 
coatings of MOFs obtained via the anodic dissolution method 
have been observed to be strongly adhered to the underlying 
electrode surface
23
 is due to this pitting. The significantly 
roughened electrode surface that results from the erosion will 
lead to a significantly greater contact area between the fully 
grown MOF coating and the underlying electrode surface than 
simply the geometric area. This greater contact area could 
result in a significantly increased extent of interaction between 
the fully grown MOF coating and the underlying electrode and 
lead to the increased strength of adhesion observed. 
 
In situ electrochemical Raman spectroscopy 
As the results of the in situ ec-AFM investigations do not 
appear to support the role of Cu2O in the formation of the 
HKUST-1 coating as proposed by Schafer et al
20
, in situ 
electrochemical Raman spectroscopy was utilised in order to 
see whether Cu2O could be detected in the early stages of 
coating growth. 
 Initially a HKUST-1 powder sample was analysed using ex 
situ Raman spectroscopy in order to identify the most suitable 
peak to be used to track the growth of HKUST-1 at the 
electrode surface during subsequent in situ Raman 
spectroscopy measurements. The peak marked with an 
asterisk at approximately 1000 cm
-1
 in Fig. 6 was chosen as it 
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Fig. 3 Height AFM images taken during 64 minutes of the electrochemical growth of a HKUST-1 coating at an applied potential of -225 mV vs Pt. 
The red circle highlights the nucleation, growth and detachment of one HKUST-1 crystal. Each image was 10 x 10 µm. 
 
exhibited a strong signal and did not overlap with any peaks 
from the electrolyte system. 
In situ Raman spectroscopy was performed with 1 s 
accumulations every 1 s for 2 minutes and the spectra are 
presented in Fig. 7. For clarity the intensity of the major 
HKUST-1 peak at approximately 1000 cm
-1
, relative to the peak 
intensity of a background electrolyte solution peak at 2930 cm
-
1
, as a function of time is also plotted in Fig. 7. 
The HKUST-1 signal can be observed to begin to increase 
after about 10 s from the experiment start. This observation of 
growth of HKUST-1 after approximately 10 s of starting the 
process corroborates the work by Campagnol et a
19
 who, using 
a quartz crystal microbalance, observed only a few seconds at  
 
the start of growth in which the anode loses mass, due to the 
dissolution of the anode, before mass begins to increase as a 
result of HKUST-1 deposition. It is worth pointing out here that  
the applied voltage in this in situ electrochemical Raman 
spectroscopy experiment was the same as that utilised by 
Campagnol et al
19
 which explains why the delay between 
application of the potential and the start of HKUST-1 growth is 
much shorter than in the in situ ec-AFM experiments discussed 
above. 
The Raman spectra of Cu2O are characterised primarily by a 
pair of peaks at approximately 520 cm
-1
 and 620 cm
-1
 
30
, 
neither of which is observed throughout the experiment. This 
observation suggests that either Cu2O is present only at a very  
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Fig. 4 Height AFM images, 10 x 10 µm, taken during electrochemical 
growth of a HKUST-1 coating with cross sections (top) plotted (bottom) 
to show the dissolution of the Cu electrode surface prior to HKUST-1 
growth. 
 
low concentration at any given time on the electrode surface, 
below the detection limit, or potentially that it is not in fact 
the growth intermediate. Whilst the Raman measurements 
here are not solely sensitive to surface species, as evidenced 
by the strong signals from the ethanol based solution in Fig. 7, 
the fact that both this study and the previous in situ study 
performed by Schafer et al
22
 failed to detect Cu2O during the 
growth of HKUST-1 via anodic dissolution suggests that further 
study is needed. 
Conclusions 
ec-AFM has been used for the first time to monitor the in situ 
growth of a MOF coating using anodic dissolution. Using the 
archetypal MOF HKUST-1 as a test study, real time electrode 
observations have supported many previously proposed 
mechanistic steps for the anodic dissolution coating growth, 
including the necessity of a “critical concentration” in order to  
Fig. 5 Height AFM images, 10 x 10 µm, taken during electrochemical 
growth of a HKUST-1 coating with cross sections (left) plotted (right) to 
show growth of a HKUST-1 crystal. 
 
initiate growth, nucleation occurring at defects in the 
roughened electrode surface, and of the early stages of 
coating growth proceeding via an “island growth” mechanism. 
Conversely doubt has been cast, with supporting data from in 
situ electrochemical Raman spectroscopy measurements, on  
the role and indeed even the presence of Cu2O as an 
intermediate in the formation of the HKUST-1 coating in the 
presence of water, as has also been noted previously at lower 
water concentrations than that used in this work.
22
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Fig. 6 Raman spectra of HKUST-1. Peak marked with an * used for 
monitoring HKUST-1 growth at the electrode surface during in situ 
Raman spectroscopy. 
Fig. 7 Raman spectra of the anode surface taken every 1s during the 
first 2 minutes of the electrochemical growth of a HKUST-1 coating in 
3:1 ethanol:H2O with the growth of the peak at 1000 cm
-1 highlighted 
(top) and the variation in the peak intensity of HKUST-1 at 1000 cm-1, 
normalised to a solvent peak at 2930 cm-1, versus time. 
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